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BACKGROUND: Dilated cardiomyopathy (DCM) is a major cause of heart failure and carries a high mortality rate. Myocardial 
recovery in DCM-related heart failure patients is highly variable, with some patients having little or no response to standard 
drug therapy. A genome-wide association study may agnostically identify biomarkers and provide novel insight into the 
biology of myocardial recovery in DCM.

METHODS: A genome-wide association study for change in left ventricular ejection fraction was performed in 686 White 
subjects with recent-onset DCM who received standard pharmacotherapy. Genome-wide association study signals were 
subsequently functionally validated and studied in relevant cellular models to understand molecular mechanisms that may 
have contributed to the change in left ventricular ejection fraction.

RESULTS: The genome-wide association study identified a highly suggestive locus that mapped to the 5ʹ-flanking region of 
the CDCP1 (CUB [complement C1r/C1s, Uegf, and Bmp1] domain containing protein 1) gene (rs6773435; P=7.12×10−7). 
The variant allele was associated with improved cardiac function and decreased CDCP1 transcription. CDCP1 expression 
was significantly upregulated in human cardiac fibroblasts (HCFs) in response to the PDGF (platelet-derived growth factor) 
signaling, and knockdown of CDCP1 significantly repressed HCF proliferation and decreased AKT (protein kinase B) 
phosphorylation. Transcriptomic profiling after CDCP1 knockdown in HCFs supported the conclusion that CDCP1 regulates 
HCF proliferation and mitosis. In addition, CDCP1 knockdown in HCFs resulted in significantly decreased expression of 
soluble ST2 (suppression of tumorigenicity-2), a prognostic biomarker for heart failure and inductor of cardiac fibrosis.

CONCLUSIONS: CDCP1 may play an important role in myocardial recovery in recent-onset DCM and mediates its effect primarily 
by attenuating cardiac fibrosis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: cardiomyopathy, dilated ◼ fibrosis ◼ genetics ◼ genome-wide association study ◼ heart failure ◼ humans ◼ ventricular remodeling

The prevalence of heart failure is projected to increase 
by 46% from 2012 to 2030 and will affect over 8 mil-
lion people in the United States by 2030.1,2 Target-

ing the neurohormonal axis has led to improved survival 

in heart failure with reduced ejection fraction (HFrEF); 
however, newer therapies based on this approach have 
had diminishing returns, and morbidity and mortality for 
this disease remain high.3 Among patients with HFrEF, 
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dilated cardiomyopathy (DCM) is the most common cause 
of heart transplantation, accounting for 30% to 40% of 
all cases of HFrEF. Treatment response is highly variable 
among individuals with DCM, with some patients having 
little or no clinical response to standard drug therapy.4 
Change in left ventricular ejection fraction (LVEF) that 

Novelty and Significance

What Is Known?
• Dilated cardiomyopathy (DCM) accounts for 30% to

40% of all cases of heart failure with reduced ejec-
tion fraction and is the most common cause of heart 
transplantation.

• Myocardial recovery in recent-onset DCM after stan-
dard pharmacotherapy is highly variable among 
individuals.

• Cardiac fibrosis is one of the most important predictors
of myocardial recovery in DCM.

What New Information Does This Article 
Contribute?
• We performed a genome-wide association study for

changes in left ventricular ejection fraction as the 
phenotype in 686 patients with recent-onset DCM, 
which identified a highly suggestive single-nucleo-
tide polymorphism signal mapping to the 5ʹ-flanking 
region of the CDCP1 (CUB [complement C1r/C1s, 
Uegf, and Bmp1] domain containing protein 1) 
gene.

• The variant allele of the genome-wide association
study–identified single-nucleotide polymorphism 
was significantly associated with decreased CDCP1 
expression and improvement in left ventricular ejec-
tion fraction, implicating the possible role of CDCP1 in 
myocardial recovery of patients with DCM.

• CDCP1 knockdown significantly repressed human
cardiac fibroblast proliferation stimulated by the PDGF 
(platelet-derived growth factor) signaling.

To our knowledge, this is the first genome-wide asso-
ciation study for change in left ventricular ejection frac-
tion in recent-onset DCM, which identified a highly 
suggestive single-nucleotide polymorphism mapping 
to the 5ʹ-flanking region of the CDCP1 gene. We also 
found that genetic variation in/near CDCP1 was signifi-
cantly associated with heart failure mortality in the UK 
Biobank data set. Given that CDCP1 is highly variably 
expressed in human fibroblasts among individuals, and 
because cardiac fibrosis is an important determinant of 
myocardial recovery in DCM, we pursued its role in car-
diac fibrosis. We demonstrated that the single-nucleotide 
polymorphism variant allele, which was associated with 
improved left ventricular ejection fraction in the genome-
wide association study, resulted in decreased CDCP1 
expression in human cardiac fibroblasts. Of importance, 
CDCP1 knockdown significantly decreased human car-
diac fibroblast proliferation stimulated by PDGF signal-
ing, a signaling pathway for which activation is known to 
promote cardiac fibrosis. Transcriptome wide, the gene 
that was most significantly downregulated in human car-
diac fibroblast after CDCP1 knockdown was IL1RL1, 
which encodes soluble ST2 (suppression of tumorige-
nicity-2), corroborating the potential beneficial effect of 
CDCP1 knockdown on myocardial recovery and fibrosis. 
Our study raises the possibility of targeting CDCP1 to 
decrease cardiac fibrosis with potential for improvement 
in myocardial function and with implications for novel 
DCM pharmacotherapy.

Nonstandard Abbreviations and Acronyms

α-SMA	 alpha-smooth muscle actin
ACE	 angiotensin-converting enzyme
CAR	 chimeric antigen receptor
CDCP1	 CUB domain containing protein 1
COL1A1	 collagen type I alpha 1 chain
COL5A1	 collagen type 5 alpha 1 chain
DCM	 dilated cardiomyopathy
DEG	 differentially expressed gene
ECM	 extracellular matrix
FN-1	 fibronectin-1
GWAS	 genome-wide association study
HCF	 human cardiac fibroblast
HFrEF	� heart failure with reduced ejection 

fraction
IL1RL1	 interleukin-1 receptor-like 1
IMAC-2	� Intervention in Myocarditis and Acute 

Cardiomyopathy-2

LVEF	 left ventricular ejection fraction
MKI67	 marker of proliferation Ki-67
MMP2	 matrix metallopeptidase 2
PDGF	 platelet-derived growth factor
PDGF-BB	 PDGF subunit B homodimer
PDGFR	 PDGF receptor
RNA-seq	 RNA sequencing
SNP	 single-nucleotide polymorphism
ST2	 suppression of tumorigenicity-2
sST2	 soluble ST2
TGF-β	 transforming growth factor beta
VIM	 vimentin

2



occurs during drug therapy correlates significantly with 
mortality, and, therefore, it serves as a reliable surrogate 
measurement for mortality in DCM and for assessing 
myocardial recovery in response to pharmacotherapy.5

Genome-wide association studies (GWAS), by adopt-
ing an agnostic approach, could provide insight into novel 
biological pathways that, in turn, could affect drug uti-
lization and the development of novel drug therapy. An 
analysis of GWAS-identified genes for drug repositioning 
demonstrated that a large number of these genes are tar-
geted by drugs that have indications closely related to the 
GWAS trait or have indications different from the GWAS 
trait and, thus, can be repositioned as immediate transla-
tional opportunities.6 The genomic revolution, however, has 
had limited therapeutic success in HFrEF. Although case-
control GWAS studies have identified DCM susceptibility 
genes,7 there have been no genomic studies assessing 
treatment response in DCM, which, if performed, could 
potentially have direct therapeutic implications.

In the present study, we first performed a discov-
ery GWAS for change in LVEF in 686 White subjects 
with recent-onset DCM who received standard phar-
macotherapy. The GWAS identified a single-nucleotide 
polymorphism (SNP) signal mapping to the 5ʹ-flanking 
region of CDCP1 (CUB [complement C1r/C1s, Uegf, 
and Bmp1] domain containing protein 1), a gene that 
had previously been reported to play a role in pulmonary 
fibrosis and bone marrow fibroblasts,8,9 but its possible 
function in cardiac fibrosis is unknown. Cardiac fibrosis 
is a histological hallmark of DCM and surpasses LVEF 
as a prognostic marker in heart failure.10 Therefore, in 
follow-up of the GWAS, we performed extensive func-
tional genomic studies that demonstrated that CDCP1 
plays a role in regulating human cardiac fibroblast (HCF) 
proliferation through PDGF (platelet-derived growth 
factor) signaling and mitosis. Finally, RNA sequencing 
(RNA-seq) analysis after CDCP1 knockdown in HCFs 
made it possible to identify transcriptome-wide differ-
entially expressed genes (DEGs), including significant 
downregulation of the IL1RL1 (interleukin-1 receptor-
like 1) gene, which encodes soluble ST2 (suppression of 
tumorigenicity-2; sST2), an inductor of heart failure and 
cardiac fibrosis.11,12 In summary, the application of a dis-
covery GWAS followed by in-depth functional genomic 
studies—a strategy that we have applied previously with 
repeated success13–16—identified CDCP1 as a novel tar-
get that is associated with myocardial recovery in DCM 
and which may modulate cardiac fibrosis.

METHODS
Data Availability
The RNA-seq data generated in this study have been depos-
ited in National Center for Biotechnology Information's (NCBI) 
Gene Expression Omnibus and are accessible through Gene 
Expression Omnibus Series accession number GSE222695.

DCM Population
Patients were recruited in multiple medical institutions includ-
ing participant institutions of the IMAC-2 study (Intervention 
in Myocarditis and Acute Cardiomyopathy-2),4 the Mayo 
Clinic, University of Colorado School of Medicine, University 
of Trieste (Italy), Mario Negri Institute for Pharmacological 
Research (Italy), CHU de Lille (France),17,18 and St. Anne’s 
University Hospital (Czech Republic). All subjects had DCM 
with LVEF ≤50% in whom coronary artery disease or other 
secondary causes of HFrEF were excluded and who were 
diagnosed within 6 months of developing symptoms. The 
detailed inclusion and exclusion criteria are outlined in 
Figure S1. Patients had echocardiograms performed within 
30 days of their diagnosis at baseline, and follow-up echo-
cardiograms were performed after a median of 6 months of 
treatment with ACE (angiotensin-converting enzyme) inhibi-
tors or angiotensin 2 receptor blocker and β-blockers. All 
patients provided written informed consent to have blood 
samples drawn for DNA extraction and analyses. The study 
was reviewed and approved by the Mayo Clinic Institutional 
Review Board and the institutional review boards of the 
respective participating institutions.

GWAS Analysis
Patient DNA samples were genotyped using Illumina Human 
610-Quad BeadChips, as described previously.13–15 Change 
in LVEF after drug treatment was used as a phenotype. 
Approximately 7.87 million observed and imputed SNPs were 
analyzed using PLINK linear regression, with adjustment of 
covariates (baseline LVEF, sex, age, time to follow-up echocar-
diogram, and recruiting site). See the Supplemental Methods 
for details.

Fine-Mapping of the Chromosome 3 SNP Signal
SNP function was annotated using public multiomics data 
sets. The expression quantitative trait locus information was 
obtained from the Gene-Tissue Expression Project.19 The data 
sets for annotation of regulatory DNA elements were obtained 
from the Encyclopedia of DNA Elements Project.20 Those 
sequence-based data were visualized using the interactive 
genome viewer.21 The sources of these sequencing data sets 
and other resources used in this study are listed in the Major 
Resources Table.

SNP/Gene Functional Studies in HCFs
See the Supplemental Methods for detailed methods. Briefly, 
the effect of the GWAS-identified SNP locus on gene tran-
scriptional activity was tested by reporter gene assay. Genes 
of interest were knocked down in HCFs by siRNA and were 
overexpressed by cDNA construct transfection. HCF cell 
proliferation was measured by MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium) assays after knockdown or growth factor treatment. 
Reverse transcription-quantitative PCR (RT-qPCR) was used 
for quantification of mRNA levels and Western blots for pro-
teins. Immunofluorescence staining was performed to visualize 
protein targets in HCFs. RNA-seq was performed for quantifi-
cation of transcriptome-wide gene expression level in HCFs. 
CDCP1-related DEGs were identified by comparing RNA-seq 
results of control to that of the CDCP1 knockdown group. 
Those DEGs were then subjected to pathway analysis for 
annotation of CDCP1 function.
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RESULTS
DCM Patient Characteristics
A total of 686 patients with recent-onset DCM were 
enrolled in the final GWAS analysis. Their clinical char-
acteristics are outlined in Table S1. After a period of 
pharmacotherapy, follow-up LVEF measurements were 
obtained at a median time of 6 months, demonstrat-
ing an average improvement in LVEF of 43%. LVEF 
measured at baseline (V1) and after pharmacotherapy 
(V2) is plotted in Figure  1A, demonstrating a variable 
myocardial recovery in response to pharmacotherapy. 
Change in LVEF (V2–V1) in these 686 patients showed 
a gaussian distribution (Figure 1B) and was used as the 
phenotype for the GWAS analysis after adjustment for 
covariates.

GWAS for Changes in LVEF in DCM Patients
The Manhattan plot showing SNP associations with 
changes in LVEF after drug treatment is presented in 
Figure  2A. The Q-Q plot for the GWAS analysis did 
not show evidence of genomic inflation (λ=0.991) 
and is shown in Figure S2A. SNPs with suggestive 
significant associations (P<10−5) are listed in Table 
S2. Although none of the SNPs reached genome-
wide significant associations (P<5.0×10−8), there 
were 2 SNPs with the lowest P values, which were 
highly suggestive (P<10−6; Figure 2A). A locus zoom 
plot for the chromosome 3 SNPs showed that the 
top SNP, rs6773435 (G>T), mapped 5ʹ-upstream 
of TMEM158 (transmembrane protein 158) and 
linked SNPs covered a DNA region that included the 

TMEM158 gene and the 5ʹ-flanking region of a nearby 
gene CDCP1 (Figure  2B). The other highly sugges-
tive SNP (rs11105445) on chromosome 12 mapped 
to an intergenic region (Figure S2B). The GWAS 
analysis also showed that the minor alleles for both 
the chromosome 3 and chromosome 12 SNPs were 
associated with positive β values (Table S2), indicat-
ing that the variant alleles for both SNPs were associ-
ated with increased LVEF or myocardial recovery after 
drug treatment. More significant genotype-dependent 
changes in LVEF were observed when both SNP gen-
otypes were combined, that is, compared with patients 
who had wild-type genotypes for both SNPs (n=206), 
patients who had heterozygous genotypes for both 
SNPs (n=82) were estimated to have 6.07 (95% CI, 
3.81–8.34) units improvement in LVEF (Table S3).

Although the SNP signals identified in the GWAS 
are highly suggestive while not genome-wide signifi-
cant, it is well known that the value of biological insight 
gained from GWAS is not necessarily proportional to 
the strength of statistical association. This concept has 
been proven by prior GWAS reported by us13–16 and 
other groups,22,23 in which SNP loci with highly sug-
gestive associations have revealed important biologi-
cal mechanisms related to the GWAS phenotype with 
the pursuit of functional genomic studies. To further 
validate our GWAS findings, we performed functional 
genomic studies starting with the chromosome 3 
SNP signal since it mapped close to a gene-coding 
region (Figure  2B). As described subsequently, we 
found that TMEM158 is a pseudogene and that its 
DNA sequence includes an enhancer that influences 
CDCP1 transcription.

Figure 1. Myocardial recovery in recent-onset dilated cardiomyopathy (DCM) measured by left ventricular ejection fraction 
(LVEF).
A, Violin plots that show LVEF data for 686 patients with DCM at baseline (V1) and at follow-up after pharmacotherapy (V2). Each line in the 
middle of the plot links LVEF data for an individual patient at V1 and V2. Many of the patients had their LVEFs increase, but for some patients, 
LVEF values did not change or decrease after pharmacotherapy. B, Distribution of changes in LVEFs in these 686 patients after pharmacotherapy.
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Fine-Mapping of the Chromosome 3 SNP 
Signal Revealed a Potential Role for CDCP1 in 
Cardiac Fibrosis
The chromosome 3 SNP locus, which covers the entire 
TMEM158 gene (Figure 2B), has been annotated as a 
candidate cis-regulatory DNA element in heart left ven-
tricular tissue and HCFs by the Encyclopedia of DNA 
Elements20 (Figure 3A). Specifically, the SNP locus has 
been annotated as an accessible chromatin site (by 
the assay for transposase-accessible chromatin with 
sequencing [ATAC-seq] or DNase-seq data), promoter 
(by H3K4me3 [Trimethylation of Histone H3 at Lysine 
4] chromatin immunoprecipitation sequence [ChIP-seq]),
enhancer (by H3K27ac [Histone 3 lysine 27 acetyla-
tion] ChIP-seq), and chromatin looping site (by CTCF 
[CCCTC-Binding Factor] ChIP-seq; Figure 3A), indicat-
ing that this locus might modulate gene transcriptional 
regulation. The top SNP, rs6773435, is an expression 
quantitative trait locus for both TMEM158 and CDCP1 in 
several tissues and cell lines19 (Figure S3), but whether 
it might affect gene transcription in human heart cells 
requires further functional studies.

We first excluded the TMEM158 gene from our 
functional studies since we found that TMEM158 
is a pseudogene that does not encode protein. 

Specifically, RNA-seq data generated by the Gene-
Tissue Expression Project19 demonstrated that, even 
though TMEM158 RNA is expressed in multiple human 
tissues and cell lines, intact TMEM158 mRNA is not 
found in any human tissue or cell line. More specifically, 
a region of the TMEM158 open reading frame has no 
RNA-seq reads that have been observed in heart left 
ventricular tissue, in HCFs (Figure 3B, red arrows) or in 
tissues/cells in which TMEM158 RNA is most highly 
expressed (Figure S4, red arrows). These RNA-seq 
read mapping results suggest that an intact TMEM158 
mRNA does not exist; thus it cannot be translated 
to protein. We also attempted to detect the putative 
TMEM158 protein by Western blot. To generate a posi-
tive control for the Western blot assay, a FLAG-tagged 
TMEM158 fusion protein was overexpressed and con-
firmed by anti-FLAG antibody (Figure  3C). Control 
samples were then loaded with protein lysates from 
HCFs and blotted with the anti-TMEM158 antibody 
(Figure 3D). As expected, no TMEM158 protein was 
detectable in HCFs (Figure 3D). It is possible that the 
TMEM158 RNA is an enhancer RNA that is transcribed 
at active enhancers24 since the entire TMEM158 locus 
has been annotated as enhancers (Figure  3A). As a 
result of these observations, we focused our attention 
on the CDCP1 gene and tested the hypothesis that its 

Figure 2. Genome-wide association 
study (GWAS) for changes in left 
ventricular ejection fraction (LVEF) in 
dilated cardiomyopathy (DCM).
A, Manhattan plots for the GWAS of 
changes in LVEFs in 686 patients with 
DCM who received pharmacotherapy. 
Two top single-nucleotide polymorphisms 
(SNPs) on chromosomes 12 and 3 have 
been highlighted. B, Regional association 
(locus zoom) plot for the chromosome 
3 SNP signal. The color of each SNP 
represents its linkage disequilibrium (LD) 
in a European population (the 1000 
Genomics Project) with the reference SNP 
rs6773435, which is colored purple. MAF 
indicates minor allele frequency.
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Figure 3. Functional annotation of the chromosome 3 single-nucleotide polymorphism (SNP) locus.
A, Visualization of the ENCODE epigenomic data set in the interactive genome viewer (IGV). From top to bottom) shows the physical position 
of the rs6773435 SNP locus on chromosome 3 based on human genome assembly (hg38); assay for transposase-accessible chromatin with 
sequencing [ATAC-seq) to assess genome-wide chromatin accessibility, chromatin immunoprecipitation sequence (ChIP-seq) for H3K4me3 
(Trimethylation of Histone H3 at Lysine 4; promoter marker), for H3K27ac (Histone 3 lysine 27 acetylation; enhancer and promoter marker), and 
for CTCF (CCCTC-Binding Factor; chromatin looping marker) that were generated using human left ventricular tissues; DNase-seq to assess 
genome-wide chromatin accessibility, ChIP-seq for H3K4me3, and for CTCF that were generated using human cardiac fibroblasts (HCFs; ATAC-
seq and H3K27ac ChIP-seq data are not available for the HCFs). Genes were annotated by the National Center for Biotechnology Information 
(NCBI) human genome RefSeq. Both the TMEM158 and CDCP1 genes are transcribed from the negative DNA strand. The dashed box on the 
right is a zoom-in of the SNP locus. Sequencing peaks are mapped to the SNP locus, which indicates that the locus is likely a transcriptional 
activating site. B, RNA sequencing (RNA-seq) reads generated from human heart left ventricular tissue and HCFs, which map to the TMEM158 
gene annotated by RefSeq. The TMEM158 open reading frame (ORF) and untranslated region (UTR) were depicted by thick and thin lines, 
respectively. Red arrows indicate a region of the TMEM158 ORF where no RNA-seq reads were mapped. C, Western blots using an anti-FLAG 
antibody for the putative TMEM158-FLAG fusion protein after overexpression (OE) in HEK-293T cells. Empty vector (EV) control sample was 
obtained from cells transfected with pCMV-entry plasmid. D, Western blot using anti-TMEM158 antibody for endogenous TMEM158 protein in 
HCFs. Overexpressed TMEM158-FLAG fusion protein sample, as same as which is blotted in C with anti-FLAG antibody, was blotted with the 
anti-TMEM158 antibody, which successfully detects overexpressed TMEM158-FLAG fusion protein. However, no endogenous TMEM158 protein 
was detected in protein lysates from HCFs. E, Construction of reporter gene plasmids. The pGL4.10 plasmid, which includes an LUC2 reporter 
gene, was used as the backbone construct and served as an empty vector control. The CDCP1 promoter region (925 bp) was (Continued )
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expression might be regulated by the TMEM158 and 
rs6773435 SNP locus.

To determine whether the rs6773435 SNP (G>T) 
might affect CDCP1 transcription in HCFs, DNA frag-
ments containing that SNP locus and the CDCP1 pro-
motor were cloned into the pGL4.10 luciferase reporter 
gene plasmid (Figure 3E). A construct with the CDCP1 
promotor was cloned and served as control. Those plas-
mids were then transfected into HCFs, and luciferase 
activity was quantified and normalized to that of the 
pGL4.10 plasmid (empty vector). Increased luciferase 
activity was observed in HCFs transfected with those 
plasmids when compared with empty vector (Figure 3F; 
log2 fold change, >0). The control plasmid that con-
tained only the CDCP1 promoter displayed the greatest 
increase in luciferase activity compared with plasmids 
containing the rs6773435 SNP locus, suggesting that 
the SNP locus negatively regulates CDCP1 transcrip-
tion. Importantly, we also observed that plasmids con-
taining the rs6773435 SNP T allele resulted in smaller 
increases in luciferase activity (Figure 3F), indicating that 
the variant T allele may result in less CDCP1 transcrip-
tion as compared with the common G allele.

CDCP1 encodes a single-pass transmembrane gly-
coprotein, CDCP1, which has been studied extensively 
in cancer25–30 and immune-related diseases.31–33 We 
reviewed the expression of CDCP1 in various tissues 
included in the Gene-Tissue Expression portal.19 The 
results indicated that CDCP1 had minimal expression in 
myocardial tissue but is expressed in cultured fibroblasts 
(Figure S5). CDCP1 has also been reported to modu-
late pulmonary fibrosis,8 but its role in cardiac fibrosis is 
unknown. We also consulted the phenotype-wide associ-
ation study based on the UK Biobank data sets (https://
pheweb.org/UKB-Neale/), which showed that genetic 
variants in/near the CDCP1 gene have been significantly 
associated with heart failure mortality (Figure S6) and 
with death due to thoracic aneurysm rupture (Figure S7). 
In summary, this series of studies of the chromosome 3 
SNP signal formed the basis for our investigation of the 
role of CDCP1 in myocardial fibrosis and recovery.

CDCP1 Is Required for HCF Proliferation
CDCP1 expression is known to be significantly upregu-
lated in a variety of cancers and appears to drive cancer 
cell growth and metastasis.25–30 Inspired by the molecular 
function of CDCP1 in cancer, we set out to determine 

whether CDCP1 might affect HCF cell growth. CDCP1 
knockdown in primary HCFs (Figure 4A, left; Figure 4B) 
can significantly suppress cell proliferation (Figure 4C). 
We also demonstrated that TMEM158 knockdown (Fig-
ure 4A, right) had no effect on HCF proliferation (Fig-
ure  4C), likely because the TMEM158 protein is not 
translated from its RNA (Figure  3B and 3D). To fur-
ther validate this observation, we performed CDCP1 
overexpression experiments in HCFs and found that it 
promotes HCF proliferation (Figure S8), an expected 
opposite direction observed in the CDCP1 knockdown 
experiments, confirming the role of CDCP1 in HCF 
proliferation.

We also noted that baseline CDCP1 expression is low 
in primary HCFs, for example, based on the RT-qPCR 
assay, CDCP1 mRNA level is about 0.2% to 2% of 
GAPDH, and it required a significantly longer exposure 
time to see CDCP1 than GAPDH bands in Western blots 
of HCFs (Figure 4B). However, CDCP1 is known to be 
induced by activation of PDGF signaling in cancer cells,27 
and PDGF signaling is also known to induce cardiac 
fibrosis.34–37 To determine whether CDCP1 might also 
be induced in HCFs, those cells were starved in serum-
deprived media and were then treated with PDGF-BB 
(PDGF subunit B homodimer), which activates both 
PDGFRs (PDGF receptors) α and β. We found that the 
mRNA levels of CDCP1, as well as the MKI67 (marker of 
proliferation Ki-67), were significantly induced in HCFs 
after PDGF-BB treatment in a dose-dependent man-
ner (Figure 4D). The CDCP1 protein was also increased 
after PDGF-BB treatment (20 ng/mL) in a time-depen-
dent manner, with a significantly higher CDCP1 protein 
level observed after 48 hours of treatment (Figure 4E 
and 4F). As expected, phosphorylated PDGFRα, a 
marker of PDGF signaling activation, as well as down-
stream PDGF signaling proteins, phosphorylated AKT 
(protein kinase B) and phosphorylated ERK1/2 (extra-
cellular signal-regulated kinase 1/2), were significantly 
upregulated after PDGF-BB treatment (Figure  4E). 
CDCP1 induction by PDGF-BB was also visualized in 
HCFs by coimmunostaining with the fibroblast marker 
VIM (vimentin), which showed that longer fibers were 
stretched out from HCFs after PDGF-BB treatment 
(Figure 4G). Meanwhile, proliferation of HCFs cultured 
in serum-deprived media was significantly promoted by 
PDGF-BB treatment, compared with vehicle treatment, 
which, as expected, did not proliferate due to lack of 
growth factors in serum-deprived media (Figure 4H). Of 

Figure 3 Continued.  cloned into the 5ʹ-end of the LUC2 reporter gene and was used as a positive control plasmid (pGL4-CDCP1) for CDCP1 
transcriptional activity. To test the effect of the rs6773435 SNP locus on CDCP1 transcription, DNA fragments that included the rs6773435 
SNP/TMEM158 locus (2413 bp) were cloned into the 5ʹ-end of pGL4-CDCP1 (pGL4-TMEM-CDCP1). The pGL4-TMEM-CDCP1 plasmid 
containing the rs6773435 SNP G allele was compared with that containing the T allele. F, Comparison of luciferase activities in HCFs transfected 
with pGL4.10 (empty vector), pGL4-CDCP1 (Ctrl), pGL4-TMEM-CDCP1 G, and pGL4-TMEM-CDCP1 T. Data are log2 fold change (FC) in relative 
light units (RLUs) when compared with pGL4.10 alone (empty vector) from biological replicates (n=6) showing as mean values ±SD. The Mann-
Whitney U test was used to calculate the presented P values.
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Figure 4. CDCP1 (CUB domain containing protein 1) is required for human cardiac fibroblast (HCF) proliferation.
A, Reverse transcription-quantitative PCR (RT-qPCR) quantification of CDCP1 and TMEM158 mRNA levels in HCFs 48 hours after knockdown 
by specific siRNAs. GAPDH mRNA levels were quantified as internal control. Data shown are triplicate quantification of same samples. B, 
Western blot assay for CDCP1 in HCFs transfected with CDCP1 siRNA (siCDCP1). GAPDH was blotted as an internal control. C, HCF cell 
proliferation assays. Cells were transfected with siRNAs at day 0, and cell viability was measured by an MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay every 24 hours until day 5. Each dot is a mean value for 3 independent 
experiments (n=3). Error bars represent SDs. Statistical analysis by 2-way ANOVA with Tukey multiple comparisons test. P values are shown for 
comparisons of Ctrl siRNA to siCDCP1 groups. D, CDCP1 and MKI67 (marker of proliferation Ki-67) mRNA levels were quantified by RT-qPCR 
in HCFs after 24-hour treatments with PDGF-BB (platelet-derived growth factor subunit B homodimer) at different concentrations. Plots are 
showing duplicate RT-qPCR assays using GAPDH as an internal control. E, Western blot assay for CDCP1 in HCFs incubated with 20 ng/mL 
of PDGF-BB at different time points. Phosphorylated PDGFRα (platelet-derived growth factor receptor α; p-PDGFRα) (Continued )

8



importance, knockdown of CDCP1 repressed PDGF-
BB–stimulated HCF proliferation (Figure  4H), as well 
as the transcription of MKI67 (Figure 4I), supporting the 
hypothesis that CDCP1 induction is required for HCF 
proliferation stimulated by PDGF-BB. We also found 
that CDCP1 knockdown significantly decreases phos-
phorylated AKT, which promotes cell proliferation and 
cell cycle38 in HCFs with or without PDGF-BB treatment 
(Figure 4J and 4K), suggesting that the decreased HCF 
proliferation after CDCP1 knockdown could be linked to 
attenuated AKT phosphorylation.

In addition to proliferation, cardiac fibroblast-to-myo-
fibroblast transdifferentiation is an important step in the 
development of cardiac fibrosis.34–36 After HCFs were 
treated with PDGF-BB, there was no change in expres-
sion of ACTA2, which encodes α-SMA (alpha-smooth 
muscle actin; a marker of myofibroblasts; Figure S9A), 
indicating that PDGF-BB treatment has little or no effect 
on myofibroblast transdifferentiation. Consistent with this 
finding, CDCP1 knockdown had no effect on α-SMA 
expression after PDGF-BB treatment (Figure S9B 
through S9D), despite significant repression of MKI67 
(Figure  4I), indicating that CDCP1 plays an important 
role in HCF proliferation, but it may not influence cardiac 
myofibroblast transdifferentiation.

CDCP1 Has a Limited Role in TGF-β1–
Induced Cardiac Fibroblast-to-Myofibroblast 
Transdifferentiation
Fibroblast-to-myofibroblast transdifferentiation is 
well known to be stimulated by TGF-β (transforming 
growth factor beta) signaling.34,35 To further investigate 
whether CDCP1 plays a role in TGF-β1–induced car-
diac fibroblast-to-myofibroblast transdifferentiation, 
HCFs were stimulated by TGF-β1 in serial concentra-
tions (Figure  5A) or time courses (Figure  5B). ACTA2 
expression, as expected, increased after TGF-β1 treat-
ment while CDCP1 expression, as well as that of MKI67, 
was decreased (Figure  5A and 5B). The decrease in 
CDCP1 expression after TGF-β1 treatment has also 

been observed in human lung fibroblasts.8 This decrease 
in CDCP1 expression is most likely a result of repressed 
cell proliferation, as indicated by decreased MKI67 
expression, which would be expected when transdif-
ferentiation occurs after TGF-β1 treatment. It is known 
that myofibroblast transdifferentiation stops fibroblast 
proliferation, for example, the marker of myofibroblast, 
α-SMA, is also named cell growth-inhibiting gene 46 
protein. Finally, CDCP1 knockdown had no effect on 
the protein expression of phosphorylated SMAD2 (Sup-
pressor Mothers Against Decapentaplegic 2), α-SMA, 
COL1A1 (collagen type I alpha 1 chain), FN-1 (fibro-
nectin-1), COL5A1 (collagen type 5 alpha 1 chain), and 
MMP2 (matrix metallopeptidase 2), or the percentage of 
α-SMA+ cells, which were significantly upregulated by 
48 hours of TGF-β1 treatment (Figure S10), indicating 
that CDCP1 has no effect on TGF-β1–mediated myofi-
broblast transdifferentiation.

Because CDCP1 baseline expression in HCFs is 
relatively low and is decreased after TGF-β1 treatment, 
we performed CDCP1 overexpression experiments in 
HCFs to validate observations made with CDCP1 knock-
down and TGF-β1 treatment (Figure S10). To capture a 
dynamic change in fibroblast-to-myofibroblast transdif-
ferentiation, protein samples were collected from HCFs 
with CDCP1 overexpression at both 24 and 72 hours of 
TGF-β1 treatment. As expected, protein levels of phos-
phorylated SMAD2, α-SMA, COL1A1, and FN-1 were 
significantly upregulated in those cells with 24 hours 
of TGF-β1 treatment (Figure 5C). When comparing the 
CDCP1 overexpression to empty vector control groups, 
a small decrease in α-SMA and FN-1 protein levels was 
observed in CDCP1 overexpression cells at 24 hours 
but not after 72 hours of TGF-β1 treatment (Figure 5C 
and 5D). However, the phosphorylated SMAD2 level, a 
marker of TGF-β signaling activation, did not differ from 
CDCP1 overexpression to empty vector control groups at 
both 24 and 72 hours of TGF-β1 treatment, suggesting 
that CDCP1 has no effect on TGF-β signaling activation.

Phosphorylation of SMAD2/3 often responds imme-
diately to TGF-β stimulation. To further investigate 

Figure 4 Continued.   was blotted as control of PDGF-BB treatment. Two known PDGFR downstream signaling proteins, phosphorylated AKT 
(protein kinase B; p-AKT) and phosphorylated ERK1/2 (extracellular signal-regulated kinase 1/2; p-ERK1/2), were also blotted. GAPDH was 
blotted as internal control. F, CDCP1 protein level quantified from independent Western blot experiments (n=3) as represented in E. CDCP1 bands 
were normalized to that of GAPDH and then control treatment (0 h). P values were calculated by Kruskal-Wallis test with Dunn multiple comparisons 
to 0 hours of PDGF-BB treatment. G, Immunofluorescence staining of CDCP1 and HCF marker, VIM (vimentin), in HCFs after 24-hour treatments 
with vehicle or PDGF-BB. HCF morphology was changed with long fibers (arrow heads) and can be seen after PDGF-BB treatment. Scale bars 
represent 200 µm. H, HCF cell proliferation in starving (serum deprived) media supplied without (vehicle) or with 20 ng/mL of PDGF-BB. Cells 
were transfected with siRNAs at day 0, and cell viability was measured by an MTS assay every 24 hours until day 5. Each dot is a mean value for 
3 independent assays. Error bars represent SD. Statistical analysis by 2-way ANOVA with Tukey multiple comparisons test. P values are shown for 
comparisons of Ctrl siRNA to siCDCP1 in the PDGF-BB treatment groups. I, CDCP1 and MKI67 mRNA levels were quantified by RT-qPCR in 
HCFs 48 hours after CDCP1 knockdown and PDGF-BB treatment, with GAPDH mRNA level as internal control. RNA levels were normalized to 
vehicle treatment (dashed line). Data are mean values ±SD for independent experiments (n=4). The Mann-Whitney U test was used to calculate the 
presented P values. J, Western blot assay for CDCP1 and PDGFR downstream signaling proteins (p-AKT and p-ERK1/2) in HCFs with CDCP1 
knockdown (KD) and 20 ng/mL of PDGF-BB treatment. GAPDH was blotted as internal control. K, Protein levels quantified from 3 independent 
samples by Western blot assays as represented in J. Protein bands were normalized to that of GAPDH. Levels of p-AKT and p-ERK1/2 were showed 
as ratios to their total protein level. P values were calculated by ordinary 1-way ANOVA with Tukey multiple comparisons test.
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Figure 5. CDCP1 (CUB domain containing protein 1)-induced and TGF-β1 (transforming growth factor beta-1)–induced cardiac 
fibroblast-to-myofibroblast transdifferentiation.
A, Relative mRNA levels of ACTA2 (Actin Alpha 2), CDCP1, and MKI67 (marker of proliferation Ki-67) in human cardiac fibroblasts (HCFs) after 
48-hour treatment of TGF-β1 at different concentrations and (B) after 10 ng/mL of TGF-β1 treatment at different time (h). RNA levels were 
quantified by reverse transcription-quantitative PCR (RT-qPCR) with GAPDH level as internal control from duplicate assays. C, Western blot for 
CDCP1 and other protein markers in HCFs with or without CDCP1 overexpression (OE) and with or without TGF-β1 treatment (10 ng/mL) at 2 
time points (24 and 72 h of treatment). Phosphorylated SMAD2 (Suppressor Mothers Against Decapentaplegic 2; p-SMAD2) and α-SMA (alpha-
smooth muscle actin) were blotted for control of TGF-β1 treatment and myofibroblast transdifferentiation, respectively. ECM (extracellular matrix) 
proteins including COL1A1 (collagen type I alpha 1 chain) and FN-1 (fibronectin-1) were also blotted. GAPDH was blotted as internal control. D, 
Relative protein level quantified from 3 independent samples by Western blot assays as represented in C. Protein levels were normalized to GAPDH 
level and then to vehicle and empty vector control (EV Ctrl) sample. Error bars represent SDs of triplicate assays. P values were calculated by 
ordinary 1-way ANOVA with Tukey multiple comparisons test. E, Western blot for CDCP1, p-SMAD2, and α-SMA in HCFs (Continued )
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whether CDCP1 affects TGF-β1 signaling in HCFs, cells 
with CDCP1 overexpression were treated with TGF-β1 
for only 0.5 hours, which is sufficient to induce SMAD2 
phosphorylation (Figure 5E). However, CDCP1 overex-
pression had no effect on phosphorylated SMAD2 levels 
induced at 0.5 hours by TGF-β1 treatment (Figure 5E 
and 5F), a result that once again supports the observa-
tion that CDCP1 has no effect on TGF-β1 signaling. No 
induction of α-SMA was observed within this time period 
(0.5 hours) of TGF-β1 treatment (Figure 5E and 5F).

Finally, cells with CDCP1 overexpression were coim-
munostained with α-SMA and VIM, and the number of 
α-SMA+ cells was counted. Consistent with the West-
ern blot result, the percentage of α-SMA+ cells in the 
CDCP1 overexpression group was less at 24 hours 
but did not differ after 72 hours of TGF-β1 treatment 
(Figure 5G and 5H). These observed decreases in the 
α-SMA level and in percentage of α-SMA+ cells at 24 
hours of TGF-β1 treatment in the CDCP1 overexpres-
sion group are likely a result of CDCP1 overexpression-
induced HCF proliferation (Figure S8) that precedes and 
hence delays myofibroblast transdifferentiation.

In summary, we demonstrated that CDCP1 is signifi-
cantly induced in HCFs after PDGF-BB treatment and is 
required for HCF proliferation (Figures 4 and 5I), but that 
it might have little or no effect on cardiac fibroblast-to-
myofibroblast transdifferentiation stimulated by TGF-β1 
(Figure 5).

Transcriptomic Profiling of CDCP1 Knockdown 
in HCFs Revealed Its Role in Regulation of 
sST2 Expression
To further investigate CDCP1 molecular mechanisms, 
we performed RNA-seq assays after the knockdown of 
CDCP1 in HCFs. Transcriptome-wide DEGs were identi-
fied (Figure 6A), followed by pathway enrichment analy-
ses using those DEGs (Figure 6B). A total of 1061 DEGs 
with fold changes of >2 (|log2 fold change|>1.0; false dis-
covery rate, <0.05) after CDCP1 knockdown were iden-
tified (Table S4). When those DEGs were subjected to 
gene ontology pathway enrichment analysis, as expected, 
regulation of cell population proliferation was identified as 

one of the top biological process pathways (Figure 6B), a 
pathway that helps explain our observation that CDCP1 
is required for HCF proliferation (Figure  4). Consis-
tently, pathways related to cell cycle and mitosis, which 
play important roles during cell proliferation, were also 
enriched by CDCP1-mediated DEGs (Figure  6B). The 
gene ontology enrichments for molecular function and 
cellar component pathways support a role for CDCP1 in 
the regulation of mitosis, for example, the top enriched 
molecular function is microtubule binding and the top 
enriched cellular component is spindle (Figure S11).

In addition to pathway enrichment analysis, our RNA-
seq data made it possible to identify specific genes 
for which expression was affected by CDCP1 knock-
down in HCFs. One of the significantly downregulated 
genes was NRAS (Figure 6A), which regulates mitosis 
and cell proliferation through the Ras (Rat sarcoma or 
small GTPase)-Raf (Rapidly Accelerated Fibrosarcoma 
kinase)-MEK (trametinib [Mekinist], cobimetinib [Cotel-
lic], and binimetinib [Mektovi])-ERK signaling pathway.39 
Knockdown of CDCP1 also led to an increase in the 
expression of CCNG1 (Figure 6A), which encodes a cell 
cyclin protein that is associated with G2/M phase arrest 
and the inhibition of cell proliferation.40 Interestingly, 
PDGFB expression was also significantly decreased in 
HCFs after CDCP1 knockdown (Figure  6A), a result 
suggesting a positive feedback loop between CDCP1 
and PDGF signaling since PDGF-BB treatment induces 
CDCP1 expression in HCFs (Figure 4). These RNA-seq 
results provided more evidence that CDCP1 plays an 
important role in PDGF-BB–induced HCF proliferation.

The RNA-seq data also made it possible to compare 
the expression level of genes of interest in HCFs, for 
example, baseline expression of CDCP1 is relatively low 
compared with that of genes involved in ECM (extracel-
lular matrix) deposition (Figure 6C). CDCP1 knockdown 
did not affect expression of those ECM genes, as well 
as TGF-β signaling genes, including TGFB1, TGFBR1, 
and TGFBR2 (Figure 6C), results that support the con-
clusion that CDCP1 has no direct impact on TGF-β1 
signaling (Figure  5). PDGFRA expression was higher 
than PDGFRB, which was minimally expressed in HCFs 
(Figure  6C), suggesting a dominant role of PDGFRα 

Figure 5 Continued.  with or without CDCP1 OE and with or without half an hour of TGF-β1 treatment (10 ng/mL). F, Relative protein level 
quantified from 3 independent samples by Western blot assays as represented in E. Protein levels were normalized to GAPDH level and then to 
vehicle and empty vector control (EV Ctrl) sample. Error bars represent SDs of triplicate assays. P values were calculated by ordinary 1-way ANOVA 
with Tukey multiple comparisons test. G, Immunofluorescence (IF) staining of α-SMA and VIM (vimentin) in HCFs transfected with empty vector 
(EV Ctrl) and CDCP1 cDNA plasmid (CDCP1 OE) and TGF-β1 treatment (10 ng/mL) at 0.5, 24, and 72 hours. Scale bars represent 100 µm. 
H, Percentage of α-SMA+ cells based on the IF staining as represented in G. Total cell number was counted by 4',6-diamidino-2-phenylindole 
(DAPI) staining. For each condition, α-SMA+ cells were counted from 10 different fields in triplicate independent wells. P values were calculated 
by multiple unpaired t tests. I, CDCP1 function in cardiac fibroblasts. PDGF-BB (platelet-derived growth factor subunit B homodimer) stimulates 
cardiac fibroblast proliferation, as well as upregulation of the maker of proliferation Ki-67 (MKI67). Expression of CDCP1 was upregulated in 
PDGF-BB–stimulated proliferating cardiac fibroblasts. TGF-β1 stimulates cardiac fibroblast-to-myofibroblast transdifferentiation, which, meanwhile, 
stops cardiac fibroblast proliferation, as indicated by downregulation of MKI67 and upregulation of α-SMA (also known as cell growth-inhibiting 
gene 46 protein) in cardiac myofibroblasts. Extracellular matrix genes, including COL1A1 and FN-1, were upregulated in myofibroblasts. CDCP1 
knockdown (KD) inhibits cardiac fibroblast cell proliferation, which could lead to less transdifferentiated myofibroblasts.
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Figure 6. Transcriptome profiling of CDCP1 (CUB domain containing protein 1) knockdown (KD) in human cardiac fibroblasts 
(HCFs).
A, Volcano plot for RNA sequencing (RNA-seq) identified differentially expressed genes (DEGs) in HCFs after CDCP1 KD. The x axis is log2 
fold change (FC) in RNA level when comparing the HCFs transfected with CDCP1 siRNAs (siCDCP1) to the nontarget control siRNAs (Ctrl 
siRNA). The y axis is −log10 false discovery rate (FDR) calculated from duplicates. Two biological replicate RNA samples from each experiment 
groups were sequenced. Each dot represents a gene quantified by the RNA-seq. B, Top pathways enriched by DEGs after CDCP1 KD (FC, >2.0; 
FDR, <0.05) in the gene ontology (GO) enrichment analysis of biological process. The P value for pathway enrichment was computed from the 
Fisher exact test and adjusted by using the Benjamini-Hochberg method for correction for multiple hypotheses testing. C, Gene expression level 
in HCFs quantified by RNA-seq. RNA level of CDCP1, GAPDH, and gene function in extracellular matrix, PDGF (platelet-derived growth factor), 
and TGF (transforming growth factor transforming growth factor beta) signaling, and genes involved in the mechanism of actions of standard 
dilated cardiomyopathy (DCM) pharmacotherapy were plotted. D, RNA-seq reads mapping to the IL1RL1 gene in HCFs. From top to bottom 
are physical position of the IL1RL1 gene on chromosome 2 based on the human genome assembly hg38; RNA-seq reads mapped to the IL1RL1 
gene in HCFs transfected with nontargeting control (Ctrl siRNA) and CDCP1 siRNA (siCDCP1); 2 Ensembl (v90) annotated IL1RL1 transcript 
variants that encode soluble ST2 (suppression of tumorigenicity-2; sST2) and ST2 long transcript or trans-membrane receptor (ST2L). The red 
arrow indicates the exon that encodes the transmembrane domain of ST2L. RNA-seq reads mapped to the IL1RL1 exons that encode sST2, 
and those RNA-seq reads are significantly less in CDCP1 KD (siCDCP1) sample. E, sST2 protein levels in HCF culture media quantified by the 
ELISA assay. HCFs were transfected with siCDCP1 for KD (upper left), CDCP1 cDNA plasmid for OE (upper right), and treated with 20 ng/
mL of PDGF-BB (PDGF subunit B homodimer; lower left) or 10 ng/µL of TGF-β1 (lower right) for 48, 72, and 96 hours. For each group, 
3 biological replicates were quantified at 3 time points (n=9). Data are presented as mean values ±SD. The Mann-Whitney U test was used to 
calculate the presented P values. RPKM indicates Reads Per Kilobase of transcript, per Million mapped reads.
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in PDGF-BB–stimulated HCF proliferation (Figure  4). 
In addition, genes that encode standard DCM drug tar-
gets such as ADRB1, ACE, and ATGR1 were not or only 
minimally expressed in HCFs (Figure 6C), which explains 
the absence of a change in CDCP1 expression in HCFs 
when exposed to standard DCM drugs (Figure S12).

Finally, the most significantly downregulated gene 
after CDCP1 knockdown was IL1RL1 (Figure 6A), which 
encodes both ST2 long transcript or trans-membrane 
receptor (ST2L) and sST2, dependent on different 
IL1RL1 transcript variants (Figure  6D). Our RNA-seq 
data demonstrated that, in HCFs, IL1RL1 was transcribed 
to the mRNA variant, which encodes sST2, for example, 
RNA-seq reads mapped to the IL1RL1 transcript vari-
ant, which encodes sST2 but not ST2L (Figure 6D). This 
observation was validated by CDCP1 overexpression, 
which resulted in a significant increase in IL1RL1, as well 
as PDGFB mRNA levels in HCFs after 48 hours of CDCP1 
cDNA transfection (Figure S13). A significant decrease 
or increase in secreted sST2 protein levels in HCF cul-
ture media was also observed after CDCP1 knockdown 
or overexpression, respectively (Figure  6E, top). The 
sST2 level in HCF media was tightly associated with 
CDCP1 expression, that is, it was significantly increased 
with PDGF-BB treatment (Figure 6E, lower left), which 
upregulates CDCP1, and it was significantly decreased 
with TGF-β1 treatment (Figure  6E, lower right), which 
represses CDCP1. sST2 is a well-established prognostic 
biomarker for heart failure.11,12 Specifically, elevated cir-
culating sST2 level is associated with poor prognosis and 
is considered to be an inductor of heart failure and col-
lagen synthesis.12 These results indicate that knockdown 
of CDCP1, which leads to a decrease in sST2 expres-
sion in HCFs, may have antifibrotic and protective roles 
in myocardial recovery. This result is also consistent with 
our GWAS result that the rs6773435 SNP variant allele 
was associated with decreased CDCP1 expression and 
improved cardiac function.

DISCUSSION
DCM is a major cause of heart failure, and drug treatment 
response among individual patients is highly variable 
(Figure 1). In an attempt to discover genetic markers that 
might contribute to this variable response, we applied 
a stepwise strategy that began with a discovery GWAS 
for changes in LVEF in 686 patients with recent-onset 
DCM. That GWAS identified a top SNP, rs6673435 
(G>T), mapping to the 5ʹ-flanking region of the CDCP1 
gene on chromosome 3 (Figure 2). The rs6673435 SNP 
variant allele, T, was associated with improved LVEF in 
those patients with DCM (Table S2). We then performed 
in-depth functional genomic studies to demonstrate that 
the T allele was associated with decreased CDCP1 tran-
scription in HCFs (Figure 3E) and that CDCP1 expres-
sion was required for HCF proliferation (Figure  4) but 

not for fibroblast-to-myofibroblast transdifferentiation 
(Figure 5). Knockdown of CDCP1 resulted in a signifi-
cant downregulation of sST2 (Figure  6), elevated lev-
els of which are associated with increased heart failure 
mortality and cardiac fibrosis. In summary, the application 
of this strategy supported the conclusion that reduced 
CDCP1 expression may contribute to myocardial recov-
ery in DCM by attenuating cardiac fibrosis.

Cardiac fibroblast migration to and proliferation at 
injury sites is an initial step in response to myocardial 
injury.34–36 This process can be stimulated by PDGFs 
secreted from platelets that accumulate at these injury 
sites. Those cardiac fibroblasts are then transdifferenti-
ated to myofibroblasts leading to ECM deposition and 
cardiac fibrosis.34–36 We demonstrated that CDCP1 
knockdown represses HCF proliferation induced by 
PDGF-BB treatment (Figures  4 and 5I). Those heart-
resident proliferating fibroblasts are the major origin of 
cardiac myofibroblasts, which secrete ECM proteins,41,42 
resulting in interstitial myocardial fibrosis, a histological 
hallmark of DCM.43 Cardiac fibrosis impedes transmis-
sion of force and mechanoelectric coupling of cardio-
myocytes, decreases myocardial oxygen diffusion, and 
impairs coronary flow reserve by perivascular fibrosis 
and by paracrine mechanisms that cause myocardial 
dysfunction.44,45 The presence and extent of cardiac 
fibrosis assessed by magnetic resonance imaging, after 
adjustment for LVEF and other prognostic factors, is 
independently and incrementally associated with car-
diovascular mortality in DCM.46 In fact, cardiac fibrosis 
surpasses LVEF as a prognostic marker in heart failure.10 
Importantly, the extent of cardiac fibrosis, that may be 
reduced with decreased HCF proliferation as a result 
of decreased CDCP1 expression (Figure  4), predicts 
the extent of myocardial recovery in DCM,47,48 and the 
absence of cardiac fibrosis is a strong and independent 
predictor of improvement in LVEF and left ventricular 
end-diastolic volumes in patients with DCM irrespective 
of severity of symptoms and initial LVEF.49

Standard heart failure therapy was used in this study 
population (Table S1). Although current pharmaco-
therapy may also have a beneficial effect by inhibiting 
fibroblast activation and collagen deposition,50,51 this 
effect is unlikely to be mediated by its direct action on 
cardiac fibroblasts since those drug-targeting genes 
are not expressed in HCFs (Figure 6C). Unlike current 
pharmacotherapy, directly targeting cardiac fibroblasts 
by CAR (chimeric antigen receptor) T cells has improved 
heart function in preclinical models and can be a new 
therapeutic strategy.52 Therefore, the identification of a 
novel gene associated with clinical myocardial recovery 
in our GWAS and the demonstration of its role in car-
diac fibroblast physiology, cardiac fibrosis, and HFrEF 
could have important implications for the development 
of new heart failure therapies. CDCP1 expression in nor-
mal heart tissue (Figure S5) and in HCFs (Figure 6C) 
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is low. However, we have demonstrated that CDCP1 is 
significantly upregulated and contributes to HCF prolif-
eration after activation of PDGF signaling, a profibrotic 
growth factor that promotes cardiac fibrosis.34–37 The 
PDGF-BB–stimulated HCF proliferation (Figure 4) was 
predominantly mediated by PDGFRα, which is more sig-
nificantly expressed than PDGFRβ in HCFs (Figure 6C). 
PDGFRα is essential for cardiac fibroblast survival,53 
and reduction of PDGFRα+ fibroblasts in murine hearts 
resulted in improvement in cardiac function after injury.54 
We demonstrated that CDCP1 knockdown reduced HCF 
proliferation stimulated by PDGF-BB (Figure  4), sug-
gesting a possible role for targeting CDCP1 to modulate 
cardiac fibrosis and function. An important and rel-
evant finding was that CDCP1 knockdown significantly 
reduced sST2 expression (Figure 6). Plasma sST2 level 
is a well-established prognostic biomarker for heart fail-
ure.11,12 HCFs express sST2 but not its transmembrane 
form (Figure 6D), indicating that HCFs could potentially 
contribute directly to plasma sST2 levels, levels that 
have been associated with cardiac fibrosis, adverse car-
diac remodeling, and worse cardiovascular outcomes in 
patients with heart failure.11,12

The role of CDCP1 that we have identified in HCFs 
and the fact that it is inducible by PDGF-BB and regu-
lates cell proliferation (Figure  4) is consistent with its 
known role in cancer. CDCP1 has been found to be 
significantly upregulated in a variety of cancers in which 
it promotes cancer cell growth and metastasis.25–30 In 
addition to the fact that CDCP1 is a single-pass cyto-
plasm membrane glycoprotein,25 those findings make 
CDCP1 an intriguing potential druggable target for 
cancer therapy.25–30 Several therapeutic reagents have 
been developed that target CDCP1 for cancer and have 
shown promising efficacy and toxicity tolerance in ani-
mal models.25,30 CDCP1 (previously named CD318) was 
also found to be upregulated in immune cells and other 
disease states31–33 including heart failure comorbid with 
inflammatory disease.31

Finally, we should point out the limitations of our stud-
ies, beginning with the fact that the P values for asso-
ciation of those SNPs in our GWAS did not reach the 
generally accepted threshold for genome-wide signifi-
cance (P≤5×10−8; Figure  2). Validation of those asso-
ciations will be required in a larger cohort when that 
is possible—something that has proven to be difficult 
for patients with recent-onset DCM. The retrospective 
design of our GWAS limited our ability to investigate the 
CDCP1 SNP/gene function in HCFs derived from the 
same patient cohort. Although we demonstrated that  
the rs6773435 SNP affects CDCP1 transcriptional activ-
ity in HCFs (Figure  3F), the molecular mechanism by 
which the transcriptional activity is affected has not been 
identified and requires further studies. An SNP mapping 
to noncoding candidate cis-regulatory DNA element, such 
as rs6773435, could affect gene transcription through 

different mechanisms including SNP-dependent chroma-
tin modification, chromatin looping, and transcription fac-
tor binding.55,56 We used HCFs to study CDCP1 function 
because the function annotation of SNP locus supports a 
role for CDCP1 in HCFs (Figure 3) and CDCP1 has been 
reported to play role in pulmonary fibrosis.8 However, 
CDCP1 also can be upregulated in immune and epithe-
lial cells. Whether CDCP1 functions in other cell types/
tissues that might contribute to myocardial recovery is 
unknown and should be the subject of future studies. 
Obviously, molecular function based on cell line models is 
not able to provide a comprehensive view of physiological 
processes underlying clinical phenotypes. The generation 
of Cdcp1 knockout mice is currently ongoing in our labo-
ratory to make it possible to further pursue the observa-
tions reported here.

In summary, we performed a discovery GWAS to 
assess genetic determinants of change in LVEF in 
patients with DCM, which identified an SNP signal map-
ping to the 5ʹ-flanking region of the CDCP1 gene. Func-
tional genomic studies demonstrated that decreased 
CDCP1 expression reduces HCF proliferation stimulated 
by PDGF signaling. Our results support the hypothesis 
that decreased CDCP1 expression may contribute to the 
recovery of heart function in patients with recent-onset 
DCM by attenuating cardiac fibrosis.
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